Abstract-Recently, Raspberry Pi has become popular around the world due to the low cost, small size, yet powerful computing ability. Being equipped with an IEEE 802.11n wireless network interface card (NIC), it can be used as a software access-point (AP) for the wireless local-area network (WLAN). Previously, we studied the channel bonding (CB) implementation using an external wireless NIC for Raspberry Pi AP, and the throughput estimation model for concurrent communications of multiple links with up to three APs under 11 and 13 partially overlapping channels (POCs). In this paper, we propose the network configuration optimization algorithm for WLAN with three Raspberry Pi APs. Using the throughput estimation model, it determines the use of CB and non-CB, the channel assignment, and the associated hosts for each AP that maximizes the estimated total throughput. The effectiveness of this algorithm is verified through simulations using the WIMNET simulator and through testbed experiments in uniform, non-uniform, and two-crowded APs topologies. 
concludes this paper with future works.
II. REVIEW OF THROUGHPUT ESTIMATION MODEL
In this section, we review the throughput estimation model for the concurrent communication of multiple 11n links.
A. Model Overview
The model estimates the throughput or data transmission speed of an 11n link. First, it estimates the RSS at the host by using the log distance path loss model. Then, it calculates the throughput from that RSS using the sigmoid function. Both functions have several parameters affecting the estimation accuracy, where the proper values depend on link specifications and network field environments.
B. Log Distance Path Loss Model
The RSS, Pd (dBm), at the host is estimated using the log distance path loss model [11] :
where P 1 represents the signal strength at 1m from the AP (source), is the path loss exponent, d (m) does the distance from the AP, n k does the number of the type-k walls along the path between the AP and the host, and W k does the signal attenuation factor (dBm) for the type-k wall in the environment. The estimated accuracy of RSS relies on the parameter values, which depend on the propagation environment. In the throughput estimation model, we also consider multipath effect.
C. Sigmoid Function
From the RSS, the throughput S (Mbps) of the link is derived using the sigmoid function:
where a, b, and c are the constant parameters that should be optimized.
D. Parameter Optimization Tool
The parameter optimization tool [8] is used to explore the optimal parameter values for the throughput estimation model, which uses the tabu table and the hill-climbing procedure to avoid a local minimum. This tool searches the parameter values that minimize the total throughput estimation error.
E. Modification for Concurrent Communication of Three APs
Our previous study showed that the best total throughput can be achieved in the following two configurations of the three APs for 11 POCs [3] : 1) Three APs are assigned non-CB with channels 1, 6, and 11. 2) One AP is assigned CB with channel 1+5, and two APs are non-CB with channels 1 and 11. Then, for 13 POCs, the best total throughput can be achieved in the following three configurations of APs: 1) Three APs are assigned non-CB with channels 1, 8, and 13.
2) One AP is CB with channel 9+13, and two APs are non-CB with channels 1 and 5. 3) One AP is non-CB with channel 13 and two APs are CB with channels 1+5 and 9+13. For all configurations, the total throughput TS (Mbps) can be estimated by the following equations [6] : where x, y and z represent the estimated throughput of each AP by the model for the single communication. Specifically, x and y does the throughput for the two APs not interfered with each other, and z does the throughput for the remaining AP. α and γ are constant reduction factors, where α = 0.95 (11POCs) or 0.96 (13POCs) and γ = 0.46 are used in this paper.
III. PROPOSAL OF NETWORK CONFIGURATION OPTIMIZATION ALGORITHM
In this section, we propose the network configuration optimization algorithm for concurrent communications with three APs.
A. Algorithm Formulation
This algorithm is formulated as follows: 1. Inputs:
• locations of three APs in the field • locations of N hosts in the field • locations of walls in the field • parameters of the throughput estimation model 2. Outputs:
• CB/non-CB assignment to each AP.
• channel assignment to each AP.
• set of the associated hosts with each AP. 3. Objectives:
• to maximize the cost function E:
where TH ij represents the estimated throughput of the link between the i-th host and the j-th AP, k does the reduction factor (α 2 , α 3 , or γ) in the model, and N j does the number of associated hosts with the j-th AP.
B. Algorithm Procedure
Then, the algorithm procedure is presented. 
Initialization
where E 1 represents the minimum average host throughput and E 2 does the total throughput, which can be calculated as follows:
The throughput of the single link communication for each pair of an AP and a host with both CB and non-CB is estimated using the throughput estimation model. Then, for each host, the AP whose link has the largest throughput will be selected for the initially associated AP for both CB and non-CB. After that, the APs are sorted in descending order of the number of initially associated hosts, where the tie is resolved in ascending order of the average host throughput.
Assignment for Configuration 1)
For 11 POCs, by the sorted order of the APs, the CB/non-CB and the channel are assigned to each AP for configuration 1):
• 1st AP: CB & channel 1 + 5.
• 2nd AP: non-CB & channel 11.
• 3rd AP: non-CB & channel 1. Then, for 13 POCs, by the sorted order of the APs, the CB/non-CB and the channel are assigned to each AP for configuration 1):
• 1st AP: CB & channel 9 + 13.
• 2nd AP: non-CB & channel 1.
• 3rd AP: non-CB & channel 5.
Assignment for Configuration 2)
For 11 POCs, by the sorted order of the APs, the CB/non-CB and the channel are assigned to each AP for configuration 2):
• 1st AP: non-CB & channel 1.
• 2nd AP: non-CB & channel 6.
• 3rd AP: non-CB & channel 11. Then, for 13 POCs, by the sorted order of the APs, the CB/non-CB and the channel are assigned to each AP for configuration 2):
• 1st AP: non-CB & channel 1 + 5.
• 2nd AP: CB & channel 9 + 13.
• 3rd AP: non-CB & channel 13.
Assignment for Configuration 3)
Additionally, for 13 POCs, by the sorted order of the APs, the CB/non-CB and the channel are assigned to each AP for configuration 3):
• 2nd AP: non-CB & channel 13.
• 3rd AP: non-CB & channel 8.
Configuration improvement
For each configuration, the assignment for each AP is improved by repeating the following procedure in the given times:
1) Randomly select one host.
2) Randomly select one objective function among E 1 , E 2 , and E. 3) Find the AP such that the selected function is maximized if the host is associated with it. 4) Associate the host with this AP if E with this association is not decreased.
Solution selection
From the two configuration results, the one that has the larger E is selected as the final solution.
IV. EVALUATION BY SIMULATIONS
In this section, we evaluate the proposed algorithm by simulations using the WIMNET simulator [8] in one-room and three-room fields with uniformly and non-uniformly distributed 15 hosts. The number of available POCs is set 11 and 13.
A. Simulations in One-Room Field
First, the network field of one 100m × 100m room with three APs is adopted in simulations. Fig. 1 shows the one-room uniform topology. The 15 hosts and the three APs are evenly distributed, where the circle represents the AP and the square does the host. Fig. 1 (a) and (b) also suggests the associations between APs and hosts found by the algorithm for this topology with 11 POCs and 13 POCs respectively. One-room uniform topology for simulations with 13 POCs. Table I shows the cost function E for each configuration found by the algorithm and the overall throughput by the simulator for this topology. For comparisons, it also shows the results for the configurations with the same channel assignments but the nearest host associations. It indicates that for the one-room uniform network topology, the configuration with three non-CB APs for 11 POCs and that with one CB AP and two non-CB APs for 13 POCs by the algorithm provides the highest overall throughput respectively. Fig. 2 shows the one-room non-uniform network topology, where the hosts are disproportionately distributed. Table II shows the simulation results for this topology. For this one-room non-uniform topology, the configuration with one CB AP and two non-CB APs provides the highest overall throughput for both 11 and 13 POCs. Fig. 3 shows the one-room two-crowded APs network topology. The hosts are also disproportionately distributed such that two APs can be more crowded by associated hosts than the remaining AP. Table III shows the simulation results for this topology. For this topology, the configuration with one CB AP and two non-CB APs for 11 POCs and that with two CB APs and one non-CB AP for 13 POCs by the algorithm provides the highest overall throughput respectively. 
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B. Simulations in Three-Room Field
Next, the network field of three 40m × 60m rooms with three APs is adopted in simulations to investigate the performance of the algorithm in multiple rooms. Fig. 4 shows the three-room uniform network topology. Table IV shows the simulation results. For the three-room uniform topology, the configuration with three non-CB APs for 11 POCs and that with one CB AP and two non-CB APs for 13 POCs provides the highest overall throughput respectively.
Result for uniform topology
(a) Fig. 4. (a) . Three-room uniform topology for simulations with 11 POCs. (b).
Three-room uniform topology for simulations with 13 POCs. Fig. 5 shows the three-room non-uniform network topology. Table V shows the simulation results. For the three-room non-uniform topology, the configuration with one CB AP and two non-CB APs achieves the most superior throughput for both 11 and 13 POCs. Fig. 6 shows the three-room two-crowded APs network topology, where two APs can be more crowded. Table VI shows the simulation results. For the three-room twocrowded APs topology, the configuration with one CB AP and two non-CB APs for 11 POCs and that with two CB APs and one non-CB AP for 13 POCs by the algorithm provides the highest overall throughput respectively. 
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V. EVALUATION BY TESTBED EXPERIMENTS
In this section, we evaluate the algorithm through experiments using the testbed in two network fields in different buildings at Okayama University, with the uniform, non-uniform, and two-crowded APs topologies. Table VII shows the specifications of the hardware and software in the testbed. 
A. Hardware and Software in Testbed
B. Experiments in Building A Field
First, the network field of two 7m × 6m closed rooms and one open room in Engineering Building 2 (Building-A) is adopted in experiments. Fig. 7 shows the Building-A uniform topology. Two hosts are located in D306 and D307 respectively, one host is in Refresh Corner. Each host is associated with the AP in the same room by both the algorithm and the nearest association. Table VIII shows the cost function by the algorithm, and the overall throughput by the simulation and by the experiment for each configuration. It indicates that for this uniform topology in Building-A, the configuration with three non-CB APs for 11 POCs and that with one CB AP and two non-CB APs for 13 POCs by the algorithm provides the highest overall throughput in experiments using the testbed. However, the throughput by the simulation is much larger than that by the experiment, and the difference between the two configurations becomes smaller in the simulation. The consideration of the interference may be insufficient in the simulation, which should be improved in future works. Fig. 8 shows the Building-A non-uniform topology. Three hosts are located in D306, and one host is in D307 and refresh Corner. Every host is associated with the AP in the same room. Table IX shows the results. For the nonuniform network topology in Building-A, the configuration with one CB AP and two non-CB APs for both 11 and 13 POCs provides the highest overall throughput. Fig. 9 shows the Building-A two-crowded APs topology. Three hosts are located in D306 and D307 respectively, one host is in Refresh Corner, and each host is associated with the AP in the same room. Table X shows the results. For the two-crowded APs network topology in Building-A, the configuration with two CB APs and one non-CB AP for 13 POCs provides the highest overall throughput both in the simulation and experiment, as expected. 
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C. Experiments in Building B Field
Next, the network field of a 9.5m × 6.5m room, a 4.0m × 6.5m room, and a 6.5m × 6.5m room in Graduate School Building (Building-B) is adopted in experiments. Fig. 10 shows the Building-B uniform topology. Three hosts are located in room A, and two hosts are in room B and room C respectively, and one AP is located in each room. Each host is associated with the AP in the same room. Table XI shows the results. For the uniform network topology in Building-B, the configuration with three non-CB APs for 11 POCs and with one CB AP and two non-CB APs for 13 POCs provides the highest overall throughput. Fig. 11 shows the Building-B non-uniform topology. Four hosts are located in room A, one host is in room B, and two hosts are in room C. Likewise, each host is associated with the AP in the same room. Table XII shows the results. For the non-uniform network topology in Building-B, the configuration with one CB AP and two non-CB APs for both 11 and 13 POCs provides the highest overall throughput. Fig. 12 shows the Building-B two-crowded APs topology. Four hosts are located in room A and room C respectively, and one host is in room B. Likewise, each host is associated with the AP in the same room. Table  XIII shows the results. For the two-crowded APs topology in Building-B, the configuration with two CB APs and one non-CB AP for 13 POCs provides the highest overall throughput. 
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